Effect of sulfate and nitrate on anaerobic degradation of volatile fatty acids at 20°C was investigated.
Sulfate has been reported to be inhibitory to methanogenesis in marine and fresh water sediments (14) and also in anaerobic digesters (13) . The toxicity of sulfide or free H2S produced by microbial reduction of sulfate and competition for electron donors between sulfate-reducing bacteria (SRB) and methane-producing bacteria (MPB) are found to be two important factors responsible for the inhibitory effect (9, 10) . In contrast, it has been shown that the presence of sulfate can also have beneficial effects on anaerobic treatment of waste waters by reducing the effect of toxic metals (I1). Further, propionate utilization gets accelerated by sulfate which is the main volatile fatty acid (VFA) accumulated during anaerobic digestion of organic wastes (19) .
Besides sulfate, nitrate can also act as an electron acceptor during anaerobic digestion. The nitrate concentration in Indian waters normally ranges from 0 to 5 mM but may reach 10 mM or more when enrichment from nitrate fertilizers or barnyard run-off has taken place. The addition of such nitrate-rich waters to SA1 RAM et al. VOL. 41 anaerobic digesters may affect the digester performance. In studies with ecological samples, and pure cultures it was observed that methanogenesis was inhibited by nitrate concentrations ranging from 0.1 /IM to 10 mM (5, 25) . However its effect on bacterial dynamics is not well understood. Most of the above work with sulfate and nitrate has been concentrated at mesophilic temperatures and not much is known at the lower temperatures. During our studies on anaerobic degradation of different animal wastes, it has been observed that the concentration of VFA exceeds > 6,000 ppm at low temperatures (<20°C).
The addition of 20 mM sulfate enhanced the utilization of all VFA by 3-to 4-fold at 10 to 20°C. Whereas, the addition of 10 mM nitrate resulted in higher VFA accumulation compared to the control resulting in failure of the digester.
In view of the above, experiments were conducted to assess the effect of sulfate and nitrate on different VFA utilization and bacterial dynamics at 20°C. MATERIALS AND METHODS Inoculum preparation. The slurry from anaerobic digesters running on rabbit waste at 20°C for the last 12 months was adapted to the Balch's medium (3) for 15 days at 20°C and was later used as inoculum.
Experimental conditions. All the experiments were carried out in 60-ml serum vials containing 20 ml of Balch's medium (by replacing ammonium sulfate with ammonium chloride to avoid the interference from sulfate in the study) with 4 g/l acetate/propionate/butyrate/valerate as the sole carbon source in N2 atmosphere. One milliliter of the inoculum was added to the defined medium containing individual fatty acids, and the vials were incubated at 20°C for 25 days. To determine the effects of sulfate (20 mM) and nitrate (10 mM) sterile solutions of respective sodium salts were added to the serum vials before incubation. In the control, sterile degassed distilled water was added. The electron flow during anaerobic degradation of volatile fatty acids in the absence of methanogenesis/ sulfate reduction was monitored by adding 0.003% (v/v) chloroform/l0 mM molybdate respectively to the serum vials.
Metabolism of radiolabelled compounds. All radiochemicals were obtained from BARC, India. To determine the effect of sulfate and nitrate on H2 + CO2 metabolism 14C-labelled NaHCO3 was added at a concentration of 4,uM (56.2 mCi/mmol). For acetate metabolism, tritiated sodium acetate at a concentration of 1.3/1 M (1,000 mCi/mmol) was added and incubations were done for 24 h. The methane was entrapped in toluene-based flour as described by Jones and Simon (8) and H2S in 20% KOH solution and the counts were determined by liquid scintillation counter.
Estimations. Volatile fatty acids were estimated as follows: After incubation, the medium was centrifuged at 10,000 rpm for 30 min. The supernatant was acidified with 3 N H3PO4 and 2/11 of the sample was injected into Shimadzu gas Sulfate and Nitrate Effect on VFA Degradation 183 chromatograph equipped with FID using Chromosorb column coated with 10% SP-1200 and 1 % H3PO4 (80-100 mesh). The following parameters were chosen: oven temperature, 150°C; injector temperature, 170°C, carrier gas, N2; flow rate, 40 ml min-'. Methane was estimated under similar conditions by injecting 100,u1 of head space gas. Hz was estimated with a gas chromatograph equipped with TCD using a Porapak `Q' column with the following parameters: oven temperature, 60°C; injector temperature, 80°C; TCD temperature, 70°C; carrier gas, N2; flow rate, 30 ml/min; current, 100 mA. All of the experiments were carried out in duplicate on two different occasions. Sulfate and dissolved sulfide were estimated according to the methods of APHA (2) .
Microbial counts. The counts of obligate proton reducing bacteria (OPRB), SRB and MPB were determined by the most probable number (MPN) method on modified Balch medium. SRB were estimated in the presence of 20 mM sulfate using 4 g/l butyrate/propionate. MPB were determined using Hz + CO2 and acetate as substrates. OPRB (fermentative bacteria) were determined using 4 g/l butyrate/ propionate as a carbon source without sulfate. Growth of SRB, MPB and OPRB were monitored from sulfide production, methane production and change in the color of methylene blue previously added to the medium, respectively (19) .
RESULTS
The effects of sulfate, molybdate and nitrate on anaerobic degradation of acetate are shown in Fig. 1 . There was no significant change in the acetate utilization and methane production in control and in the presence of sulfate. However, some sulfide production occurred with concurrent sulfate utilization and sulfide production indicating that acetate serves as a minor electron donor in the ecosystem studied (Table 1) . Whereas, molybdate and nitrate drastically inhibited acetate utilization and methane production.
Unlike acetate, propionate oxidation was strongly dependant upon the sulfate (Fig. 2 ). In the absence of sulfate, there was an increase in propionate degradation and methane production with time. In the presence of sulfate, the propionate was rapidly degraded with concommitant sulfate utilization and sulfide production, leading to the accumulation of acetate ( Table 1) . As a result, there was no change in the amount of methane produced compared to the control. A more or less similar response was observed with butyrate and valerate ( 
Microbial counts
The SRB counts (in media containing propionate as carbon source) increased by about 10-fold whereas the total MPB (H2 and acetate as electron donors) counts remained more or less the same in the presence of sulfate compared to the control. In contrast, SRB and total MPB counts decreased by about 1,000-fold (compared to that of counts obtained in the presence of sulfate) in the presence of 10 mM molybdate or nitrate ( Table 2 ).
Effect of chloroform
The results of the experiments conducted to observe the electron flow from VFA in the presence or absence of sulfate, when methanogens were inhibited by chloroform are shown in Table 3 . In the control (chloroform without sulfate), there was a total inhibition of acetate degradation and methane production, indicating that methanogens were completely inhibited. However, about 10% acetate was utilized in the presence of sulfate. Unlike acetate, the degradation of propionate, butyrate or valerate continued even in the absence of sulfate accumulating H2 indicating that OPRB were active even in the presence of 0.003% chloroform. In the presence of sulfate, the degradation of VFA was marginally higher with little H2 accumulation. The MPN counts of SRB and OPRB were 3.2 X 10' and 1.2 X 105 (in propionate media) in control and 2.6 X 10' and 0.8 X 105 in the presence of chloroform, respectively.
Metabolism of 14C02 and 03H3000H
To see the effect of sulfate and nitrate on H2 + CO2 fixation into methane, NaH14C03 and H2 were added to the inoculum growing on propionate. It has been observed that 14CH4 production was inhibited by about 23 and 75% in the presence of sulfate and nitrate, respectively, compared to the control (Table 4 ), but sulfate inhibited 14CH4 production significantly by about 50% from 14C02 after propionate was completely utilized (no electron donor). In contrast, sulfate had little effect on C3H4 or 3H2S production from tritiated acetate either in the presence or absence of propionate, whereas nitrate inhibited C3H4 production appreciably in both cases (Table 4 ). and Table   3 . Effect of sulfate on volatile fatty acid degradation in the presence of chloroform (0.003%) at 20°C (incubation time, 20 days). From these results, it is evident that acetate degradation was independent of sulfate reduction. This is confirmed from methane production, the methanogenic count in control and in the presence of sulfate. Further, when chloroform was added to inhibit methanogenesis, negligible amounts of acetate was oxidized even in the presence of sulfate. This indicates that acetate plays a minor role as an electron donor for SRB in this ecosystem. Radiolabelled experiments with tritiated acetate also confirmed these findings. Earlier Ueki et al. (24) , Yoda et al. (26) had also noticed this phenomenon.
Unlike acetate, the oxidation of > C2 acids in particular was strongly dependent upon sulfate reduction. This is confirmed by increased sulfate utilization, sulfide production and a two fold increase in SRB count. In the presence 0.003% chloroform without sulfate, the degradation of these acids was partial with H2 accumulation. This showed that the degradation was carried out by fermentative bacteria such as Syntrophobacter wolinii (6) and Syntrophomonas wolfei (16) which can completely degrade these acids only in the presence of H2 oxidizing either MPB or SRB. In the presence of sulfate, the substrate degraded was comparatively higher with little H2 accumulation, indicating that SRB utilized H2 efficiently even in the presence of chloroform. However, unlike sulfate rich marine sediments where sulfate reduction results in complete mineralization of organic matter, the addition of sulfate did not result in the complete degradation of VFA in the absence of methanogenesis even after 2 months at 20°C.
Earlier studies (9, 20) showed that SRB outcompete MPB for H2 in the absence of sulfate limitation. However, our studies with 14C02 showed that SRB compete with MPB significantly for H2 only in the absence of an exogenous electron donor (propionate) in the ecosystem studied.
Molybdate (MoO42-), an analog of sulfate (5042-), was used to inhibit sulfate reduction selectively (17, 22) in lake sediments to determine the electron flow in the absence of sulfate reduction. However, its effect on anaerobic digester microflora is not well understood. Molybdate has been shown to inhibit ATP sulfurylase, the first enzyme in the sulfate reduction pathway (18) . In our study, the addition of 10 mM molybdate resulted in a rapid decrease in degradation of > C2 acids with little sulfate utilization and sulfide production indicating that it inhibited the activity of SRB. The decrease in the sulfate-reducing bacterial counts clearly showed the inhibitory effects of molybdate on these bacteria ( Table 2) .
Besides SRB, earlier studies have revealed that molybdate at > 50 mM inhibited the methanogenesis from acetate more severely than from H2 and C02. In contrast, we found that even 10 mM molybdate inhibited the total methanogens (both acetate and H2 oxidizing) significantly at 20°C (Table 2 ). Further, it was noticed that when molybdate was added to rabbit waste slurry (without sulfate), there was an increase in H2 accumulation and a decrease in VFA degradation and methane production (data not shown) indicating that molybdate inhibited H2-oxidizing methanogens. Since obligate proton reducers require H2 scavenging MPB for their growth, the former activity was also inhibited, resulting in a decrease in VFA degradation.
The inhibition of biogenic sulfide production from SRB by nitrate has been reported in sewage, cannery and pulp mill wastes (7, 12, 21) . Earlier studies with nitrate revealed that methanogenesis was also inhibited by nitrate concentrations ranging from 0.1 ,ctM to 10 mM (1, 5). It was based on the observation that the nitrate reduction is thermodynamically more favorable than SO42~ and CO2 reduction. Two main reasons for the inhibition of sulfide and methane production by nitrate were the increase in the redox potential of the medium and the toxic effects of nitrous oxides (products of nitrate reduction) to bacteria (15, 23) .
In our study, it was found that nitrate addition to the medium resulted in the reappearance of pink color of resazurin. Since resazurin becomes colorless at an Eh of about -110 mV, and since biogenic sulfide and methane production cannot occur at an Eh more negative than -110 mV, it was thought that oxidation of the medium resulted in cessation of SRB and MPB activities. However even when the medium was reduced by adding cysteine, neither sulfide nor methane production was observed, indicating that the decrease in the redox potential was not the cause. Another possible explanation was the ability of denitrifying bacteria to outcompete sulfate reducers and methanogens for available carbon and energy sources in the presence of nitrate. However, in the present study, a high concentration of substrate (4 g/l) was used, indicating that the substrate concentration may not be influential in the observed inhibition. The inhibition of methanogenesis by nitrate and nitrite in cell-free extracts of Methanobacterium thermoautotrophicum (4) showed that nitrate and nitrite inhibited some of the key metabolic enzymes such as hydrogenase. Experiments are in progress to determine the effect of nitrate or products of nitrate reduction on some of the key enzymes in whole or cell-free extracts of SRB/MPB isolated from this ecosystem. 
